In an earlier study, the poly-coherent composite higher order spectra (i.e. poly-coherent composite bispectrum and trispectrum) frequency domain data fusion technique was proposed to detect different rotor-related faults. All earlier vibration-based faults detection involving the application of poly-coherent composite bispectrum and trispectrum have been solely based on the notion that the measured vibration data from all measurement locations on a rotating machine are always available and intact. In reality, industrial scenarios sometimes deviate from this notion, due to faults and/or damages associated with vibration sensors or their accessories (e.g. connecting cables). Sensitivity analysis of the method to various scenarios of measured vibration data availability (i.e. complete data from all measurement locations and missing/erroneous data from certain measurement locations) is also examined through experimental and industrial cases, so as to bring out the robustness of the method.
Introduction
In recent years, several research efforts have been invested into the development of simplified but yet robust vibration-based fault detection (VFD) techniques. One of such VFD approaches is the recently developed poly-coherent composite higher order spectra frequency domain data fusion method, 1 whereby the dynamic behaviour of a typical rotating machine can be described using a single poly-coherent composite bispectrum (pCCB) and/or poly-coherent composite trispectrum (pCCT), irrespective of the number of vibration data measurement locations on the monitored machine. Based on the results obtained from initially conducted experimental investigations, pCCB and pCCT showed that it was possible to significantly reduce the rigour often associated with the computation and analysis of separate higher order spectra (mainly bispectrum and trispectrum) for vibration data collected from individual measurement locations, which can be significant for large industrial rotating machines supported by several bearings (e.g. large industrial turbines or multi-shaft drive assemblies).
Besides the noteworthy ability of using a single pCCB or pCCT to effectively distinguish different rotating machine conditions, the recent study conducted by Yunusa-Kaltungo et al. 1 further highlighted the possibilities of developing a hybrid data fusion (i.e. data fusion at both sensor and feature levels) method that can detect and classify different operating conditions in identically configured rotating machines irrespective of their foundation flexibilities and speeds, which may foster the sharing of measured vibration data between identical 'as installed' rotating machines. While it is commendable that enormous research and practical efforts are continuously aimed at improving VFD of rotating machines, it is also well known that the successful operation of any VFD system is a direct function of the proper integration of its three fundamental stages, namely, data collection, signal processing and fault diagnosis. The data collection stage of a typical VFD system provides the vibration data from which features (e.g. kurtosis, peak-to-peak amplitude, 13, 23, 33, etc.) are extracted during signal processing, before eventually matching the various identified features with corresponding machine conditions during fault diagnosis. The adverse conditions under which most industrial rotating machines operate as well as the fragility of VFD instruments sometimes restrict the availability of measured vibration data, which often affects the effectiveness of the entire VFD system.
Until now, studies on VFD of rotating machines have been significantly based on the premise that vibration data from all sensors are intact and available, irrespective of whether the measured vibration data will be separately analysed for individual measurement locations with known techniques such as spectrum analysis, 2-7 wavelet analysis [8] [9] [10] [11] [12] [13] [14] [15] and higher order statistical analysis [16] [17] [18] [19] [20] [21] [22] [23] or fused together for all measurement locations to generate a single but representative polycoherent composite spectrum (pCCS). 1 In practise, the amount of data available for faults diagnosis of some rotating machines may be limited at certain instances, due to faults/damages associated with the sensors or connecting cables during auxiliary activities in the plant such as machine cleaning and general maintenance, especially when dealing with critical industrial rotating machines that are installed in highly remote and/or restricted plant locations (e.g. river gallery pumps in water generation plants or drilling machines in mines). Such damages usually lead to the loss of vibration data from certain measurement locations on these critical rotating machines.
Often the operational demands as well as extremely low tolerances for equipment downtime in most industrial plants, the VFD analyst may be sometimes confined to conducting faults diagnosis based on limited measured vibration data, as it may not be always feasible to recollect the vibration data representing the behaviours of such critical industrial rotating machines. Based on this premise, it will be very useful to develop a VFD technique that possesses the capability to identify incipient changes in the operating conditions of a rotating machine due to the emergence of different faults, despite the unavailability of measured vibration data from certain measurement locations on the machine.
In this study, the concepts of pCCB and pCCT are applied to two examples -laboratory scale experimental rig and critical cement manufacturing process fan. During both experiments, vibration measurements were obtained from all the four bearing locations while considerations were also given to practical instances whereby some of the measurements acquired from some sensors may be faulty. However, timely machine fault diagnosis is often a requirement for all plants, irrespective of the completeness of the measured data.
In this study, measured vibration data under different scenarios of data availability are analysed with the method so as to understand its sensitivity and robustness in faults classification for both examples, which generally leads to faults diagnosis. Hence, this article explains the following:
The computational concepts of pCCB and pCCT; The experimental and industrial examples considered; The laboratory experiments conducted as well as on-site measurements in the cement plant; The data analysis, especially the sensitivity analysis for faults classification based on both experimental and industrial examples.
Computation of pCCS
Equations (1)- (3), respectively, provide the mathematical computations of the pCCS for an entire rotating machine with 'b' number of vibration measurement locations, which has already been extensively described in an earlier study by Yunusa-Kaltungo et al. 1, 24 
In equation (1) 
The X r pCCS shown in equations (2) and (3) represents the poly-coherent composite FT for a particular segment 'r' of the measured vibration data from 'b' bearing locations at a particular frequency, f k , which was also computed as follows
In order to enhance proper understanding of this study, a brief re-iteration of the steps involved in the computations of pCCB and pCCT VFD method are again illustrated by the flowchart as shown in Figure 1 .
Example 1: laboratory scale experimental rig
The laboratory scale experimental rig consists of two rigidly coupled shafts (S1 and S2) and three identical balance discs (D1, D2 and D3). D1 and D2 are mounted on S1, while D3 is mounted on S2. S1 was then flexibly coupled (FC) to an electric motor (EM), and the complete rig assembly is supported by four bearings (B1-B4). Figure 2 shows the photograph of the experimental rig, while Table 1 provides the specifications of its main components. On this experimental rig, 1 the five experimentally simulated cases (C1-C5) detailed in Table 2 were studied at a machine speed of 1800 r/min (30 Hz). Under each case, 20 sets of vibration measurements were collected through the aid of four accelerometers (A1-A4).
Earlier faults detection method
The earlier study conducted by Yunusa-Kaltungo et al. 1 has already provided significant details about the capabilities of the method to detect several rotorrelated faults at different machine speeds. Despite the earlier 1 investigations, it is anticipated that a brief recap of the earlier observations will significantly buttress the understanding and relevance of this study. Using C1 and C2 cases as illustration, the signal processing parameters in Table 3 were used to compute pCCB and pCCT for a set of measured vibration data. It is clearly visible from Figure 3 that the pCCB features for both cases are significantly different. For instance, the C1 case (Figure 3(a) ) contained a slightly prominent B 11 pCCB peak and very negligible B 12 = B 21 and B 22 peaks while the C2 (Figure 3 Figures 3 and 4 clearly indicate the capabilities of pCCB and pCCT plots to provide distinctions between different machine conditions. The earlier study by Yunusa-Kaltungo et al. 1 proposed the combination of the amplitudes of pCCB and pCCT, due to the rigour and subjectivities associated with limiting faults detection to visual inspection of numerous and sometimes highly diverse pCCB and pCCT components that emerge as a result of continuous measurement and analysis of vibration data during routine condition monitoring (CM) activities. Hence, Figure 5 again shows the benefits of such a combined approach based on using 20 sets of measured vibration data for each experimentally simulated case. It is visible from Figure  5 that data related to each case are clustered together and separated from the clusters of other cases.
Sensitivity analysis based on laboratory experimental data
In Figure 5 , the faults classification based on the combination of the computed B 11 pCCB and T 111 pCCT components for all 100 sets (i.e. 20 sets of data per case) of measured vibration data for C1-C5 cases solely assumes an ideal laboratory scenario (LS 0 ), where the data from all four measurement locations are available and intact. However, this scenario may not always be practicable in 'real-life' industrial machines, due to the possibilities of damages to sensors or their accessories at certain instances. In order to ascertain the robustness and sensitivity of this technique under changing conditions of measured vibration data availability, the four additional scenarios (LS 1 -LS 4 ) described in Table 4 have been considered. In all four scenarios, vibration data from only three measurement locations were used to compute the pCCB and pCCT components that produced the faults classifications shown in Figure 6 . Based on the current experimental rig and cases simulated, the omission of measured vibration data from certain measurement locations did not have any significant effect on the faults classification patterns. In fact, Figure 6 shows that data corresponding to each of the five experimentally simulated cases consistently remained clustered together and separated from the clusters of other cases under all scenarios of data availability. For all scenarios, the C2 cluster consistently occupied the highest position due to its possession of significantly greater B 11 pCCB and T 111 pCCT components amplitudes. C1, C4 and C5 cases for all scenarios possessed relatively similar T 111 pCCT components amplitudes, but the variations in their B 11 pCCB components amplitudes still enabled appreciable separations between them which further highlight the benefits of faults detection based on the combination of pCCB and pCCT components. Similarly, the cluster comprising of data related to the C3 case was positioned at the bottom left corner of the plots for all scenarios due to its lower B 11 pCCB and T 111 pCCT components amplitudes.
In order to perform a more detailed examination of the consistency of the clustering for individual cases under all the scenarios described in Table 4 , B 11 pCCB and T 111 pCCT components amplitudes were then separately combined for each experimentally simulated case for all scenarios (e.g. C1 for LS 0 -LS 5 and so on). The results of the various combinations are shown in Figure 7 , where it was again observed that the clusters for individual cases for all the considered scenarios appear around the same region. For instance, Figure   Figure 1 . Poly-coherent composite spectra computational process flowchart. 7(a) to (e), respectively shows the clustering together of C1-C5 cases for scenarios LS 0 -LS 4 . It is also interesting to note that the patterns and relative locations of the clusters for the four scenarios representing missing data (i.e. LS 1 -LS 4 ) cannot be distinguished from that of the ideal scenario (LS 0 ). Therefore, based on the current experimental data and scenarios considered, the combined pCCB and pCCT VFD technique is robust enough to classify rotating machine faults despite the unavailability of data from certain measurement locations.
Example 2: industrial fan
A fundamental rationale behind the development of any new rotating machines VFD technique (or any other technique) is usually to enhance and/or simplify the currently existing faults detection process in 'reallife' industrial machines. Based on this premise, this study similarly explored the capability and robustness of pCCB and pCCT 1 in detecting changes in the operating conditions of a very critical cement process rotary kiln-induced draft fan (RKIDF), due to the emergence of fault(s). Case study (RKIDF)
The case study is a RKIDF for a cement process plant (Figure 8 ), which its main technical specifications are shown in Table 5 . The RKIDF is a twin inlet backward curved centrifugal fan that provides air draft across the cement rotary kiln. The entire fan assembly is supported by four bearings, namely, motor drive end (MDE), motor non-drive end (MNDE), fan drive end (FDE) and fan non-drive end (FNDE) bearings as shown in Figure 8 . The motor and fan shafts are coupled by a very flexible spring-type coupling.
The RKIDF performs two very critical functions in the cement manufacturing process. First, the draft of air needed for fuel combustion during clinker (the main component of cement) production is provided by the RKIDF. Second, the hot kiln exit gases used for drying and pre-heating fresh kiln feed are also conveyed by the RKIDF. In order to increase the rotary kiln throughput, there has to be a corresponding increase in the amount of fuel to be burnt, which is directly dependent on the RKIDF speed (i.e. higher kiln feed requires more fuel; more fuel requires more combustion air and more combustion air requires higher RKIDF speed and vice versa). Since the performance of cement process plants is most often judged by the outputs from their rotary kilns (since this stage produces the clinker that is eventually grinded into cement in the cement mills), the optimum performance and reliability of the RKIDF are very vital. The criticality of RKIDF to this cement burning line is further compounded by its lack of built-in redundancy (i.e. no standby available), as illustrated in Figure 9 .
On-site vibration measurements
During the on-site measurements, a total of 40 sets of vibration data were collected from the RKIDF assembly at 600 r/min (10 Hz) fan speed. The first 20 sets of vibration data were collected during the RKIDF faulty condition, while the other 20 sets of vibration data were collected immediately after the conduction of a corrective maintenance intervention to align the machine and remove heavy limestone deposits from the impeller blades ( Figure 10 ). During these measurements (Figure 11 ), four diagonally mounted accelerometers (one per bearing) were used for collecting vibration data at a sampling frequency (f s ) of 10,000 Hz onto a PC, through the aid of a 16 channels 16-bit analogue-to-digital converter (ADC), as shown in Figure 11 . In Figure 11 , PC, ADC and A1-A4, respectively, denote personal computer, ADC and accelerometers 1-4.
Detection and classification of RKIDF operating conditions using earlier method
As performed with the experimentally acquired data (section 'Earlier faults detection method'), the earlier method was also used to analyse one set of vibration data measured on the RKIDF under faulty and healthy conditions. As anticipated, Figures 12 and 13 , respectively, display distinct pCCB and pCCT faults diagnosis for both cases. The faulty case (Figure 12 all data sets related to the faulty case are grouped in the same cluster and separated from the cluster comprising of data sets measured during the healthy RKIDF condition.
Sensitivity analysis based on industrial experimental data
The faults classification shown in Figure 14 is based on an ideal industrial scenario (IS 0 ) of total data availability from all measurement locations, which might not always be the case. Hence, four additional industrial scenarios (IS 1 -IS 4 ) similar to those described in Table 4 have also been considered with the industrial experimental data, and the result of the faults classification for each scenario is shown in Figure 15 (a) to (d). As observed in the laboratory experimental example (section 'Sensitivity analysis based on laboratory experimental data'), the healthy and faulty conditions were separately clustered for all scenarios (Figure 15 ), which might be an indication of the industrial applicability of the technique in the near future. Figure 16 (a) and (b), respectively, shows the separate combination of all faulty and healthy data for the different scenarios (IS 1 -IS 4 ) listed in Table 3 , including the ideal scenario of complete measured vibration data from all measurement locations (IS 0 ). The observations were quite similar and consistent with the laboratory experimental example, with the clusters relating to each of the machine conditions from all scenarios retaining their unique and respective regions.
Concluding remarks
The quantity of measured vibration data available for classifying an industrial rotating machine as healthy or faulty could be sometimes hampered by damages to VFD sensors during routine field activities such as machine cleaning and general maintenance. The avenues for ensuring the integrity of installed VFD sensors such as accelerometers prior to each instance of data acquisition are sometimes restricted by the immense production requirements, especially when dealing with an online CM system for critical rotating machines situated in isolated plant locations. Based on this premise, faults classification of rotating machines (which generally leads to faults diagnosis) may be performed based on the available vibration data from only certain measurement locations. In this study, several sets of measured vibration data from an experimental rig and a critical induced draft fan of a cement manufacturing company have been collected under different operating conditions. The results of the faults classification performed using a combination of the amplitudes of pCCB and pCCT components for different scenarios of measured vibration data (i.e. complete and incomplete data) indicated that the proposed technique is able to separately classify the different cases. This highlights the robustness and insensitivity of the technique to variations in the availability of measured vibration data, which may be very useful for faults identification in critical industrial rotating machines, especially those installed in remote and isolated locations, where the frequency of machine inspection is very low. Future considerations for this study will be aimed at observing other classes of rotating machine faults (e.g. bearing and gear faults) as well as the impacts of their severities on the cluster patterns. vibration data and equipment technical specifications used for this study.
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